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SUMMARY

There exist several kinds of definitions for complexity
in different areas. In mechanical engineering area, some
formulations capable of measuring the complexity of robotic
architectures have been proposed at the conceptual-design
stage. This paper presents the definition of Kinematic
Coupling Complexity to measure the kinematic coupling
degree of a manipulator based on the input/output velocity
matrix. In order to distinguish the differences among
many matrixes, three factors will be considered including
the proportion of nonzero elements in matrix J, the
difference of nonzero elements’ numbers in every row
among many matrixes, and the difference of nonzero
elements’ positions among many matrixes. To illustrate the
methods introduced in this paper, four types of heavy-
payload forging manipulators are analyzed and the type of
forging manipulator with the smallest Kinematic Coupling
Complexity is chosen as our prototype.

KEYWORDS: Kinematic coupling complexity; Forging
manipulator; Input/output velocity relationship.

1. Introduction

The definition of Complexity has been used in many different
areas. Shannon' equated Complexity with the amount of
information to describe an object or a message. Cover and
Thomas? defined the Complexity of process to measure how
much computing it takes to solve a problem. Suh? associated
Complexity with how much effort it takes to manufacture a
product. In axiomatic approach,*> design is modeled as a
mapping process between a set of Functional Requirements
(FRs) in the functional domain and a set of Design Parameters
(DPs) in the physical domain, and then, Complexity is
defined as a measure of uncertainty in achieving the
specified FRs. In the mechanical engineering field, Khan
et al® proposed a formulation capable of measuring
Complexity of robotic architectures at the conceptual-design
stage with joint-number complexity, loop complexity, joint-
type complexity, link diversity, actuator-type complexity,
and actuator diversity considered. Caro et al.” used the
Complexity proposed by Khan to organize the topologies
of serial Schonflies-motion generators in an ascending
order.
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In this paper, the definition of Kinematic Coupling
Complexity (KCC) will be proposed to evaluate the kinematic
coupling degree of a manipulator. Jin and Yang® classified
the kinematic decoupling into two types, i.e., complete
decoupling (each independent output is controlled by only
one input so the matrix is diagonal) and partial decoupling
(neither complete decoupling nor complete coupling).
However, the definition of partial decoupling is too broad
and almost all parallel manipulators can be classified in this
category. Then, Jin et al.’ proposed a new classification
method and added Group decoupling, furthermore, they
showed some different types of Group decoupling. Jin
and Yang'® put forward the concept of Complexity for
coupling degree by considering every single-opened-chain
(SOC).

This paper will give the definition of KCC to measure
the kinematic coupling degree based on the input—output
velocity matrix J. KCC is different from other indices
mentioned in many papers because it is a specific evaluation
for the kinematic coupling degree. In order to distinguish the
difference among many matrixes, the following three aspects
will be considered:

e KCCj is the proportion of nonzero elements in matrix J.

e KCC, is the difference of nonzero elements’ numbers in
every row among many matrixes.

* KCC, is the difference of nonzero elements’ positions
among many matrixes.

The rest of this paper is organized as follows: In Section 2,
the definition of KCC is described in general terms. Next,
Section 3 illustrates the definition by using a type of forging
manipulator as an example and calculates its KCC. Then,
in Section 4, another three types of forging manipulators
are introduced and their KCC are calculated, respectively.
According to these analyses, the best candidate out of the
four types is chosen as our prototype. Finally, Section 5
presents some conclusions.

2. The Definition of KCC

KCC will be defined as a specific value to measure the
kinematic coupling degree based on the input—output velocity
matrix J. In order to include all details about the difference
among many matrixes, this section will take four steps to
define KCC.
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2.1. KCCs: The proportion of nonzero elements in
matrix J
There are two input—output velocity matrixes J, and J, in

Eq. (1):

M, S T+ 0 0 07| S
Mz Sz 0 = 0 O Sz
. =Ja . = .
M; S3 0 0 = S3
| My | S| Loo 0 =] Ss
-Ml_ _Sl_ '« 0 O N _Sl_
Mz Sz 0 * *x x Sz
M; b S3 0 0 =« S3 1
_M4_ _5‘4_ L0 0 0 x| _5'4_

where

M;(i = 1 ~ 4): The velocities of output motions,
S;(i = 1 ~ 4): The velocities of input motions,
* : nonzero element.

It is obvious that J, is better than J, because there are fewer

nonzero elements in J, than J,. According to this reason,
K CC can be defined:

N N
KCCs = = , (2)
max X7

where

N: The number of nonzero elements in matrix J,
n: The degree of the square matrix J to be considered.

In the example in Eq. (1), KCC(J,) =4/16,
KCCs(Jp) =6/16. This index is important for a
manipulator’s control and reliability: (1) The inverse
kinematics is relevant to the kinematic coupling degree of the
output motions, therefore, the control procedures deduced by
the inverse kinematics will be easier if the index KCC; is
smaller. (2) The smaller K C C;, the less number of actuators
will be required to execute the desired task. Therefore, the
manipulator’s reliability will be better. For example, if K C C;
of a manipulator is equal to 1, all actuators must be required
to effect each output motion, and this does the cylinders
more harm. It is an unfavorable factor to the manipulator’s
reliability.

2.2. KCC,: The difference of nonzero elements’ numbers
in every row among many matrix

This subsection will focus on the difference of nonzero ele-
ments’ numbers in every row among many different matrixes

(M, ] (57 = 0 0 0[S
M2 —J S2 _ 0 =x ko ok Sz
My | TS |0 0 o« 0 Sy
_M4_ _S4_ L0 0 0 x| _S4_
[ M, | ST = 0 0 07[ S]]
M2 S2 0 *x =x* Sz
il I I . 3
M3 S3 0 0 = S3 ®
| [s] Looo o x]|s |
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For example in Eq. (3), KCC(Jp) = KCC(J,).
However, J, is still different from J... In order to distinguish
the difference of nonzero elements’ numbers in every row
between J, and J., N e’ (i =2 ~ n — 1) will be defined firstly:

Ni=> (Ny—i) (i=2~n—1), 4)

j=1

where N,; is the number of nonzero elements in the jth row
of matrix J.

It must be stressed that the above expression (N,; — i) is
a nonnegative value. When (N,; — i) becomes negative, it
should be set to zero.

Then, the definition of K CC, will be proposed to include
all the information in every row of matrix J:

n—1 n—1

> N > N
=

i=2 _
) T 05xn(n—Dn=2)

KCCe = n—1
max (Z Ni
i=2

&)

For the matrix J, whose every element is nonzero,

N2(J) = n(n —2), NJ(J,) = n(n — 3), N'~'(J,) = n,
n—1

D Ni(J) =05 x n(n — )(n —2), so,
i=2

n—1
max (Z Nj) =0.5 x n(n — )(n —2).

i=2

In the example in Eq. (3), KCC.(Jp) =1/12,
KCC,.(J.) = 0. This index is proposed to express the whole
distribution of the nonzero elements in the matrix J. Its value
will be smaller when the nonzero elements are more equally
distributed in every row. The manipulator with small K CC,
will be easy to operate because there will be fewer output
motions, which must be fulfilled by many actuators.

2.3. KCCy: The difference of nonzero elements’ positions
among many matrixes

In addition to the above factors KCC; and KCC,,
there is another factor KCC,; that has impact on the
kinematic coupling degree of a manipulator. For example,
in Eq. (6), KCCy(J.) = KCCs(Jy) =6/16, KCC.(J,) =
KCC.(Jy) =0, but J. is still different from J;. The matrix
J; belongs to the classification of Group decoupling and J,
does not

Ml 51 %« 0 0 07 51
M2 —J Sz _ 0 « x 0 S2
M3 e S3 10 0 x % S3
_M4_ _S4_ 10 0 0 x| _5‘4_
[ M, ] [$] [+ 0 0 07[8]
Mz _ S2 _ 0 * x 0 Sz
s [ = s [T lo o« o« ol s |0 ©
_M4_ _S4_ L0 0 0 x_| _S4_
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Fig. 1. (Colour online) CAD model of the heavy-payload forging manipulator (FM I).

In order to distinguish the difference between J. and J;, the
index K CCy is defined:

£

) T05x(m+ Dn’

(7

where

N': The number of the columns that are distributed by some
particular nonzero elements and these particular nonzero
elements belong to the rows where the number of nonzero
elements is i.

For the upper triangular matrix J, whose every element in
the upper triangular part is nonzero,

Ny(Iw) = 1, Nj(y) =2, Nj(Jy) = n, > Ni(Jn)

i=1

=0.5x(n+ n, so,

max (Z N;;,) =0.5x (n+ hn.

i=1

In the example in Eq. (6), KCCy(J.) =5/10, KCCy(Jy) =
4/10. Out of those partially decoupled manipulators, the one
with Group decoupling is preferred by many researchers.
This index KCC,; is designed to measure the Group
decoupling degree of a manipulator.

2.4. The definition of KCC
With the above three factors considered, KCC can be
defined:

KCC=KCC,+KCC,+ KCC(Cqy. ®)

Briefly speaking, KCC; indicates the proportion of
nonzero elements in the matrix, K CC, expresses the degree
of distribution of nonzero elements, and K CC,; measures
the Group decoupling degree of a matrix. Among these three
factors, K CC; is the first one to be considered and is more
important than the other two. Therefore, when a designer
wants to compare different types of robotic architectures from
the perspective of kinematic coupling:

(1) If KCC; of J, is much greater than K CC; of J,, choose
Jy.
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(2) If there is a little difference between KCCy of J, and
KCC; of J,, the designer should employ the overall
K CC to make a decision.

It is necessary to mention that J, is different from J; in
Eq. (9), but they have the same kinematic coupling degree, so
there is no need to distinguish the difference between them
and KCC(J,) = KCC(Jy):

M, $, x 0 0 07[S$

M2 -7 S2 _ 0 %« % 0 SQ

M3 e S3 - 0 0 % 0 S3
A S 000 x|

M, ] S *000 Si

Mz _ SQ _ 0% 0 % Sz

M3 _Jf S3 | 00x%0 S3 (9)
| My | Sy 000 % Sy

Some important results are as follows:

(1) KCCy >0 KCC; > 0. The reason is that there is at
least one nonzero element in every row of matrix J.

(2) The maximum values of KCC, and KCC, will be
reached when the matrix J is full of nonzero elements.

(3) The maximum value of K CC,; will be reached when the
matrix J is a triangular matrix and has 0.5 x n(n + 1)
nonzero elements.

4) 0< KCC < 3.

3. KCC of Heavy-Payload Forging Manipulators

In this section, one type of heavy-payload forging
manipulator (as shown in Fig. 1) will be taken as an example
to illustrate the definition of KCC. Yan et al.!' introduced
a type of forging manipulator where B;(i =1~ 4), C;(i =
1~4),Di(i =1~2),and E;(i =1 ~ 2) are Hooke joints,
while these joints are changed to spherical joints in this paper.
This manipulator consists of five function parts:

(a) Frame part, formed by A; — Ay — A3 — Ay, includes
the gear actuator Sg;

(b) Front lifting part, formed by A; — By — B, — C; — Cy,
includes the front lifting cylinder S4 and the front side
shifting cylinder Sy;

(c) Rear lifting part, formed by Ay — B3 — B4y — C4 — C3,
includes the rear lifting cylinder S3 and the rear side
shifting cylinder Sy;
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Fig. 2. (Colour online) Some basic output motions of the heavy-payload forging manipulator (the dashed line is the initial position of the

gripper).

(d) Buffer mechanism, formed by D; — D, — E; — Ey,
includes the hydraulic damping cylinders Ss and Se;

(e) Gripper part, formed by F; — F;, includes the rotation
motor S7.

3.1. All the basic output motions

One of the primary issues is to represent the pose of a
manipulator through a set of parameters. The most classical
way is to use three translation coordinates for its position, and
three rotation coordinates for its orientation. However, for a
manipulator in an actual workshop, there are some special
output motions:

(1) Some complex manipulators work in different stages
related to different functions. Six parameters are not
enough to represent the pose of a manipulator, because
there are more than six types of output motions in these
stages.

(2) The output motions used in the actual workshop are not
the standard single translation or rotation coordinate.
They may be combined by some of the six standard
coordinates and can be called basic output motions. These
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basic output motions are easy to control, and sometimes
only one actuator is needed to complete one basic output
motion. Moreover, these basic motions can be employed
to fulfill all the feasible motions.

The whole working process of the heavy-payload forging
manipulator in the workshop can be divided into three
stages related to the different functions: grasping stage M,
transporting stage M?, and forging stage M>. Then, all the
basic output motions (as shown in Fig. 2) will be figured
out in each stage. For convenience of presentation, a moving
reference frame O — xyzis placed in the center of the gripper
in Fig. 1, its x-axis is parallel to the gripper’s axis Fj F3, its
y-axis is parallel to C,C}, and its z-axis can be decided by
the right-hand rule.

In the grasping stage M, these following basic motions
are chosen for the simplicity of its control:

M 11: Combined by the translations along x- and z-axes
and can be completed by the same movements from the
cylinders S3 and Sj.
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Table I. Actuator status.

Status Output motions Locked actuators ~ Activated actuators
1 M| M)} S1 8285865785 S35,

2 M; S38485857Ss  S1 S,

3 M, S7 Ss S182 8384 S5 Se

4 M? M3 S1 82838485556 S75s

5 M; M3 Sy 8> 7 Ss S5 84 S5 Se

MZI: Combined by the translations along x- and z-axes and
the rotation about y-axis and can be completed by the
cylinder S3 when the cylinder S; is locked.

M3 The translation along y-axis.

M, The rotation about z-axis.

In the transporting stage M2, these basic motions are chosen:

M 12: The rotation about x-axis and can be completed by the
only rotation motor 5.

M22: The translation along x-axis and can be completed by
the gear actuator Sg.

In the forging stage M?, these basic motions are chosen:

M3: The translation along x-axis.
M3: The translation along z-axis.

3.2. Input/output velocity matrix of the heavy-payload
forging manipulator

The different basic output motions will be completed by
different actuators, so those activated actuators must be
identified according to each basic output motion (as shown
in Table I), and then, it is possible to calculate the matrix
representing the relationship between the actuated joint
velocities and the output motion velocities. This matrix is
different from Jacobian matrix!>~!> because its degree may
be more than six.

Status 1: The constrained mechanism is equivalent to a
2-DOF (i.e., degree of freedom) planar mechanism, so the
relationship between the actuated joint velocities and the
output motion velocities can be obtained easily:

[M‘I} = [J” J“‘] [Sﬂ . (10)
M Js 0|8,

Status 2: The special mechanism is equivalent to a I-DOF
mechanism. The output motion M] can be fulfilled by the
same movements from the cylinders S; and S5:

M3 =[5 $1".

J32 1181 (1D

Status 3: This is the most complex output motion. To
complete it, six cylinders S;(i = 1 ~ 6) must be actuated
simultaneously. From the geometry of the mechanism, one
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can write

(Xp1 — X))+ (Vg1 — Ye1)? + (Zg1 — Zc1)? = ¢},
(Xp2— Xc2)* + (Yo — Ye2)* + (Zgo — Z¢2)* = 3,
(X3 — Xc3)* + (Y3 — Ye3)* + (Zps — Ze3)* = o3,
(Xpa — Xca)* + (Ypa — Yeu)? + (Zpa — Zca)* = 3,
(Xp1 — Xe1)* + (Yp1 — Ye1)* + (Zp1 — Zg1 )* = 8¢,
(Xp2 — Xp2)* 4+ (Yp2 — Y2)* 4+ (Zpo — Zg2)* = S5,
(12)
where ¢;(i = 1~4)is the length of the link B;C;(i = 1~4).

Then, differentiating Eq. (11) with respect to time, one
obtains

M, =[Jun Jio Jiz Ju Jis Jas]

X[Sl Sz S3 S4 S5 S6]T. (13)

Status 4: The output motions M? and M3 can be fulfilled
by S7 and Ss, respectively,

M; _[157 OH&]
M22 L0 Jes | Ss ]
Status 5: The output motions M; and M; are used in

the forging stage. The cylinders S3, S4, S5, and Sg must be
actuated simultaneously in order to forge different parts

s :
M; _ [173 Ja 75 J76] S4
M; g3 Jsa Jss Jge || Ss

Moreover, the Egs. (10), (11), (13)—(15) can be written in
matrix form, which leads to

14)

15)

S
Mll 0 0 J3 Ju O O O 07
. 21 0 0 Js O 0 0 0 0

M3 Jsu J» 0 0 0 O 0 O
M, N Ja Ji Jaiz Ju Jis Jss OO
M2l 1O 0 0 0 0 0 Js; O
W2 0 0 0 0 0 0 0 Jg
IYE 0 0 Jin Ju Jis Jis 0 O
] 0 0 Jgz Jga  Jgs  Jge 0 0
] - :
R R
S| |s
S3 S3
Sel o |8
X $5 =J SS (16)
S6 S6
57 57
i Sg ] i Sg i

Now, the matrix J;, which relates the velocities of actuated
joints to the velocities of all the basic output motions, is
obtained.
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Fig. 3. (Colour online) CAD model of the heavy-payload forging manipulator (FM II).

Note that, if the tasks of a robotic system can not be readily
decomposed into a set of basic motions, the designer could
use the general Jacobian matrix although its Jacobian matrix
may be a little complicated. The general Jacobian matrix
represents the relationship between the velocities of actuated
joints and the velocities of the general output motions
x yzoa By, therefore, KCC of the general Jacobian matrix
also allows the designer to compare other types of robotic
architectures from the perspective of kinematic coupling.

3.3. KCCof FM 1
After getting the velocity matrix Ji, the indexes K CCy(Jy),
KCC,.(J1), and KCCy4(Jy) can be calculated by Egs. (2), (5),
and (7):

KCCy(J)) =21/64 KCC.(J)) =16/168

KCCy(Jy) = 17/36. 17
Using Eq. (8), the KCC of FM I can be obtained:

KCC(J)) = KCCs(J)) + KCC.(Jy)
+KCCy(J1) = 0.8956. (18)

4. KCC of Other Types of Heavy-Payload Forging
Manipulators

4.1. KCCof FM 11
The second type of heavy-payload forging manipulator is
shown in Fig. 3. Using the same methods as above, the matrix

J> can be obtained

0 0 Jiz Juu Jis Jig 0 07
0 0 Js O 0 0 0 0
Js1 I 0 0 0 0 0 0
J, = Ju Ju Ji Ju s J,s 00
0 0 0 0 0 0 Js7 O
0 0 0 0 0 0 0 Jesg
0 0 Jpn Ju Jis Jig 0 O
L O 0 Jgz Jgg Jgs Jgg O O

19)

After getting the velocity matrix J,, the indexes K CC,(J3),
KCC,.(J2),and K CC4(J,) can be calculated by Egs. (2), (5),
and (7):
KCCy(J;) =23/64, KCC.(J;)=19/168,
KCCy(Jy) = 15/36. (20)

Using Eq. (8), the KCC of FM II can be obtained:

KCC(J) = KCCs(Jr) + KCC,.(J2)
+KCCy(J2) = 0.8891 21)

4.2. KCCof FM I1II
The third type of heavy-payload forging manipulator is
shown in Fig. 4. Using the same methods as above, the matrix

A7 14,
\ N\
| )
¥
Ba / B 4 /’%)
Szf /J ]"P:f—;f’f OISy ﬁA?,»?'; 7N
AT e e
PV, /sl
B/ \ LSS llt}
e Dl A}}:‘ -_.SG __/’ B /
RN / 4 .
D C, / /G
e | |
/R b S}ﬁ /s
@

Fig. 4. (Colour online) CAD model of the heavy-payload forging manipulator (FM III).
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Fig. 5. (Colour online) CAD model of the heavy-payload forging manipulator (FM 1V).

J3 can be obtained

0 0 0 Jusu O 0 0 0
0 0 Js O 0 0 0 0
Js1 Jp O 0 0 0 0 0
Iy = Jan Jio Jiz Ju Jis Jss OO
0 0 0 0 0 0 Js; O
0 0 0 0 0 0 0 Jgs
0 0 0 Ju Ji5 Ji O 0
B 0 0 0 Jsa  Jgs  Jss 0 0 i

(22)

After getting the velocity matrix J3, the indexes K CC,(J3),
KCC,.(J3),and K CC4(J3) can be calculated by Egs. (2), (5),
and (7):

KCCs(J3) =18/64, KCC.(J3) =12/168,
KCCy(J3) = 15/36. (23)

Using Eq. (8), the KCC of FM III can be obtained:

KCC(J3) = KCCs(J3) + KCC,(J3)
+KCC4(J3) =0.7693. (24)

4.3. KCCof FM 1V

The fourth type of heavy-payload forging manipulator is
shown in Fig. 5. Using the same methods as above, the matrix
J4 can be obtained

[0 0 0 Jiu Jis5 Jig O 0 7]
0 0 Js 0 Js Jg O 0
Jsi Jn 0 0 Jis S OO
Js = Jan Ji Jiz Ju Jis Jss 00
0 0 0 0 0 0 Js; O
0 0 0 0 0 0 0 Jgs
0 0 0 Ju Ji5 Ji O 0
(0 0 0 Ju Jss Jg O O

(25)

After getting the velocity matrix Jy4, the indexes K C C(Jy),
KCC,.(J4),and K CC4(Jy) can be calculated by Egs. (2), (5),
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Table II. KC of all FMs.

Type FM 1 FM II FM III FM IV
KC 0.8956 0.8891 0.7693 0.9206
and (7):

KCCs(Jy) =24/64, KCC.(Js) =17/168,
KCCy(Js) = 16/36. (26)

Using Eq. (8), the KCC of FM IV can be obtained:

KCC(Jy) = KCC(Js) + KCC,(Js4)
+KCCy(Js) = 0.9206. 27)

5. Conclusions

The input/output velocity matrix contains a lot of kinematic
information for a manipulator. For a heavy-payload forging
manipulator in the workshop, it is necessary to obtain its
velocity matrix relating the velocities of actuated joints to
the velocities of all basic output motions. Based on the
above matrix, this paper proposed the definition of KCC to
measure the kinematic coupling degree for the manipulator.
In order to distinguish the differences among many velocity
matrixes, three factors will be considered: KCC; is the
proportion of nonzero elements in matrix J, KCC, is the
difference of nonzero elements’ numbers in every row among
many matrixes, and KCCjy is the difference of nonzero
elements’ positions among many matrixes. As an example,
four different types of heavy-payload forging manipulators
were analyzed by using the concept of KCC, respectively.
There is no much difference among the K CC; of four types
of manipulator. According to Table II, the third type of heavy-
payload forging manipulator with smallest KCC was chosen
as our prototype (as shown in Fig. 6).

It is necessary to mention that before the final decision
was made, other criteria must be considered firstly, including
DOF, workspace, force, weight, and cost. Due to the
little differences of other criteria among four types of
manipulators, KCC was used to make the final decision
because the kinematic coupling degree is an important issue
especially for the heavy-payload manipulators.


https://doi.org/10.1017/S0263574711000968

558

Kinematic coupling complexity of heavy-payload forging manipulator

Fig. 6. (Colour online) The prototype of FM III.

Acknowledgments

This research was partially supported by the Key Project
of Chinese National Programs for Fundamental Research
and Development (973 Program, Grant No. 2006CB705402),
Important National Science & Technology Specific Projects
(Grant No. 20092X04013-021), National Key Technologies
R & D Program of China during the 11th Five-Year
Plan Period (Grant No. 2006BAF02B09), Project 50821003
supported by National Nature Science Foundation of China,
and Project 08DZ2210302 supported by Shanghai science
and technology commission.

References

1. C. E. Shannon, “The mathematical theory of communication,”
M.D. Comput. 14(4), 306-317 (1997).

2. T. M. Cover and J. Thomas, Elements of Information Theory
(Wiley-Interscience, New York, 1991).

3. N. Suh, The Principles of Design (Oxford University Press,
USA, 1990).

4. N. P. Suh, “Theory of complexity, periodicity and the design
axioms,” Res. Eng. Des.: Theory, Appl. Concurr. Eng. 11(2),
116-131 (1999).

5. D. D. Frey, E. Jahangir and F. Engelhardt, “Computing the
information content of decoupled designs,” Res. Eng. Des.:
Theory, Appl. Concurr. Eng. 12(2), 90-102 (2000).

6. W. A. Khan, S. Caro, J. Angeles and D. Pasini, “A formulation
of complexity based rules for the preliminary design stage

https://doi.org/10.1017/50263574711000968 Published online by Cambridge University Press

10.

11.

12.

13.

14.

15.

of robotic architectures,” Proceedings of the International
Conference on Engineering Design, Paris, France (Aug. 28-31,
2007).

. S. Caro, W. A. Khan, D. Pasini and J. Angeles, “The rule-

based conceptual design of the architecture of serial Schonflies-
motion generators,” Mech. Mach. Theory 45(2), 251-260.
W.Jin and T. L. Yang, “Synthesis and analysis of a group of 3-
degree-of-freedom partially decoupled parallel manipulators,”
J. Mech. Des. 126(2), 301-306 (2004).

Y. Jin, I. M. Chen and G. L. Yang, “Kinematic design of a
family of 6-DOF partially decoupled parallel manipulators,”
Mech. Mach. Theory 44(5), 912-922 (2009).

Q. Jin and T. L. Yang, “Theory for topology synthesis of
parallel manipulators and its application to three-dimension-
translation parallel manipulators,” J. Mech. Des., Trans. ASME
126(4), 625-639 (2004).

C. Yan, F. Gao and W. Guo, “Co-ordinated kinematic
modelling for motion planning of heavy-duty manipulators in
an integrated open-die forging centre,” Proc. Inst. Mech. Eng.,
Part B: J. Eng. Manuf. 223(10), 1299-1313 (2009).

G. Nawratil, “New performance indices for 6-dof UPS and 3-
dof RPR parallel manipulators,” Mech. Mach. Theory 44(1),
208-221 (2009).

C. M. Gosselin, “The optimum design of robotic manipulators
using dexterity indices,” Robot. Auton. Syst. 9(4), 213-226
(1992).

J. P. Merlet, “Jacobian, manipulability, condition number, and
accuracy of parallel robots,” J. Mech. Des. 128(1), 199-206
(2006).

G. Pond and J. A. Carretero, “Formulating Jacobian matrices
for the dexterity analysis of parallel manipulators,” Mech.
Mach. Theory 41(12), 1505-1519 (2006).


https://doi.org/10.1017/S0263574711000968

